Department of Neurosurgery, Ludwig-Maximilians University, Klinikum Grosshadern, and Gamma Knife Center, Munich, Germany Object. The aim of this retrospective study was to compare treatment results of surgery plus whole-brain radiation therapy (WBRT) with gamma knife radiosurgery alone as the primary treatment for solitary cerebral metastases suitable for radiosurgical treatment.
TANDARD treatment of patients with a solitary brain metastasis and limited or stable systemic disease is tumor resection in combination with whole-brain radiation therapy (WBRT). 26, 27, 36 Radiosurgical treatment has gained increasing therapeutic relevance for selected patients with small, circumscribed metastases in any location in the brain. It is minimally invasive, and local tumor control rates in the range of 64 to 97% have been reported. [1] [2] [3] [4] [5] [9] [10] [11] 14, 17, 29, 31, 33, 35, 39, 40 In a recently published retrospective study, however, the efficacy of radiosurgery has been questioned; patients treated with radiosurgery had a significantly worse outcome in terms of local tumor control rates and length of survival as compared with standard treatment. 4 Although Bindal, et al., 4 have been criticized by others regarding the applied technique of radiosurgery, patient selection, and statistical analysis, they were the first to compare a surgical and a radiosurgical group treated during a comparable time interval. 25, 32, 37, 41 All other studies have been based on historical control groups. Thus far, no investigator has reported treatment results from surgery plus WBRT for brain metastases that might also have been amenable to radiosurgical treatment. It remains unclear whether radiosurgery should be performed in combination with WBRT. Therefore, our two-institution study was conducted retrospectively to establish the efficacy of surgery plus WBRT compared with radiosurgery alone in a homogeneous patient population in whom small, solitary cerebral metastases were treated; all patients in the surgery group were considered to have been eligible for radiosurgical treatment as well. We sought to determine whether the use of a local treatment concept such as radiosurgery could achieve results as good as microsurgery combined with WBRT.
were included in the present study. Patients who experienced intracranial tumor recurrence after previously performed surgery plus WBRT were excluded. No patient showed clinical signs of increased intracranial pressure necessitating emergency neurosurgical intervention. A decision in favor of surgery or radiosurgery was made independently in each treatment center (Gamma Knife Center, Munich, or the Department of Neurosurgery, LudwigMaximilians University, Munich). The primary tumor was regularly evaluated using chest x-ray films, computerized tomography (CT) scanning of the abdomen, radionuclide scanning, and a hematological and chemical profile. Patients with small cell lung cancer, malignant lymphoma, germ cell tumors, and documented or suspected leptomeningeal disease or intracranial tumor deposits other than a single parenchymal brain metastasis were excluded.
Treatment Protocol
Surgical Group. Between August 1990 and July 1997, 228 patients underwent operation for metastatic lesions in the Department of Neurosurgery at the Ludwig-Maximilians University Hospital, Munich, Germany. A time interval in this range was chosen so as to include an adequate number of patients to compare with the radiosurgery group. Fifty-two patients in the surgery group were considered eligible for radiosurgical treatment according to the criteria of the study protocol and were included in the present study. Preoperative magnetic resonance (MR) images with gadolinium enhancement were available for each patient. Tumor resection was performed using microsurgical techniques. All patients received WBRT beginning within 2 weeks postsurgery at a conventional fractionated dose of 40 Gy plus an additional boost to the tumor bed of 10 Gy. No patient in the surgery group received additional radiosurgical treatment prior to or after surgical treatment. Surgical retreatment was not an exclusion criterion. The median hospital stay for surgery was 10 days. Conventional fractionated radiotherapy with a tumor dose of 50 Gy required 5 weeks of treatment. Radiotherapy was performed only in part on an outpatient basis.
Radiosurgical Group. Between December 1994 and July 1997, a consecutive series of 56 patients who had a single cerebral metastasis were treated radiosurgically by using the gamma knife. No patient was lost to follow up or excluded from this study. Additional surgical treatment and/ or WBRT was not performed before or after radiosurgery. The diagnosis of brain metastasis was based on radiological findings and the histological findings in the primary tumor. In three patients with no known primary tumor, a stereotactic biopsy procedure was performed. Gadolinium-enhanced MR images were used for treatment planning as well as for the follow-up examinations in all patients. The minimum dose applied to the tumor margin (prescribed tumor dose) varied from 14 to 27 Gy (mean 21 Gy). The prescribed tumor dose (range 20-27 Gy) was higher for radioresistant diseases such as melanoma and hypernephroma, as compared with more radiosensitive tumors such as breast or lung cancer (range 14-20 Gy). The maximum dose varied from 28 to 54 Gy (mean 41 Gy). The outline of the target volume was on average within the 50% isodose contour (range 35-85%). In seven patients with larger tumor volumes the prescribed dose was within the 35% isodose contour. In three patients with very small tumors the prescribed dose was within the 85% isodose. Multiple isocenters (mean number seven) were chosen to match the tumor volume as accurately as possible. 38 In cases of local or distant tumor recurrences, an additional radiosurgical procedure was performed if the patient was in good clinical condition with stable systemic disease.
Follow-Up Evaluation
Neurological examination and tumor response as verified on MR imaging were used to evaluate patients during follow-up review. Follow-up examinations were performed 6 and 12 weeks after surgery or radiosurgery and then at 3-month intervals until death of the patient or closure of the study (November 1, 1997). The Karnofsky Performance Scale (KPS) score was used to define improvement. 16 When the KPS score remained unchanged or was better than the preoperative findings, this was referred to as stabilized/improved status. Otherwise, the status was considered to be deteriorated. Complete response after radiosurgery was defined as disappearance of the enhanced lesion, and partial response was defined as tumor shrinkage of more than 50%. Stable disease indicated the lack of any significant increase in tumor volume (≥ 25%) or tumor shrinkage of less than 50%. An increase in tumor size of more than 25% was classified as progressive disease or local recurrence. A local recurrence was defined as the reappearance of a metastasis at exactly the same site as the first one, and a distant recurrence was defined as the appearance of a new brain metastasis at a site different from that of the original one. Freedom from local or distant recurrence was calculated from the date of the initial surgery/radiosurgery to the date that a local or distant recurrence was detected on MR imaging; neither calculation was confounded by the effects of new treatment or retreatment. To analyze the effects of a new radiosurgical treatment in patients with a distant recurrence we created a new term: freedom from distant tumor progression. Freedom from distant tumor progression was defined as the time from the initial radiosurgical treatment to the date of irreversible distant tumor progression that was considered for new radiosurgical procedures.
Tumor volume in follow-up CT and MR studies was calculated for the radiosurgery group by using a computerized planning system. For the surgical group the contrast-enhanced area was measured on the successive image slices and the volume was calculated manually. A transient radiogenic complication was assumed when new clinical symptoms seen after radiosurgery were associated with increased edema in the follow-up MR imaging.
The cause of death was determined according to the prospective study protocol of Patchell, et al., 27 that is, patients with stable extracerebral disease and progressive neurological dysfunction, patients with severe neurological disability who were dying from intercurrent illness, and patients with progressive systemic and neurological disease were counted as neurological deaths; otherwise a systemic death was assumed. Autopsy data were not available for these patients.
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Statistical Analysis
The reference point for survival was the date of the surgical or radiosurgical procedure. Endpoints were death, date of local or distant recurrence, and date of distant tumor progression. Length of survival, freedom from local recurrence, distant recurrence, and distant tumor progression were estimated using the Kaplan-Meier method. 15 When survival curves were based on neurological causes, deaths from other causes were treated as censored. When survival curves were based on nonneurological causes, deaths from neurological causes were treated as censored. Comparisons of Kaplan-Meier curves were performed using the log-rank statistic. The prognostic value of the individual covariates was obtained using the Cox proportional hazards model. 6 Because of the small number of events in the study only a limited number of covariates could be tested multivariately. Thus, only covariates that appeared important (p Ͻ 0.05) after univariate analysis plus the "prescribed treatment" covariate were included in the final prognostic model. The following covariates were entered: prescribed treatment (surgery compared with radiosurgery); age at resection or radiosurgery (Ͼ 60 compared with ≤ 60 years); pretreatment KPS score (≥ 70 compared with Ͻ 70); tumor size (Ͻ 3 cm in diameter compared with ≥ 3 cm); tumor location (supratentorial compared with infratentorial); histological findings in the primary tumor (bronchial carcinoma compared with other); status of the primary tumor (localized compared with disseminated); and the latency period between diagnosis of the primary tumor and development of cerebral metastasis. The distribution of the covariates between the two patient groups was analyzed using the chi-square test (for dichotomized covariates) or the Wilcoxon test (for continuously scaled covariates).
Results
One hundred eight patients (50 males and 58 females) with a mean age of 59 years (range 17-83 years) and a median follow-up period of 69 weeks for the survivors were included in the present study. The distribution of pretreatment clinical and radiological factors is summarized in Table 1 . Treatment groups did not differ in terms of age, KPS score, gender, duration of symptoms, tumor location, incidence of bronchial carcinoma, time to metastasis, or cause of death. The status of the primary tumor was more often classified as disseminated in the radiosurgery group (32 patients compared with 27 patients); however, the difference was not statistically significant (p Ͼ 0.05). Patients treated with radiosurgery had significantly smaller tumor volumes (p Ͻ 0.01); also, the incidence of melanoma metastases was higher in this treatment group (16 patients compared with seven patients). The median hospital stay after surgery plus WBRT was 5 weeks. Radiosurgery was usually performed on an outpatient basis.
Prognostic Factors in Survival
Thirty-one of the surgically treated patients died, 18 from progressive central nervous system disease and 13 from systemic illness, whereas 33 patients in the radiosurgery group died, 16 from progressive central nervous system disease and 17 from systemic illness. The median survival was 68 weeks after surgery plus WBRT and 35 weeks after radiosurgery alone. The 1-year survival rates for the surgical and radiosurgical groups were 53% and 43%, respectively (Fig. 1) . The difference was not statistically significant (p = 0.19). Patients with bronchial carcinoma had a median survival time of only 24 weeks. Patients with metastasis from breast cancer survived longest, with a median survival of 80 weeks. A KPS score of less than 70 was prognostically unfavorable after univariate and multivariate analysis (p Ͻ 0.05). The treatment variable (surgery compared with radiosurgery) gained no significant influence.
Treatment Response: Cause of Death Analysis
A complete response, partial response, and stable disease after radiosurgery were obtained in 12.5%, 42.9%, and 39.3% of patients, respectively. Progressive disease was seen in three (5.4%) of the 56 patients in this group. Four patients underwent additional gamma knife treatment to achieve local tumor control. In two patients radiosurgical retreatment did not stop tumor progression. One patient with tumor progression was not considered suitable for retreatment because of poor clinical condition. The 1-year freedom from local recurrence rate was 75% in the surgery group and 83% in the radiosurgery group (Fig.  2) . The difference was not statistically significant (p = 0.49). If the effects of radiosurgical retreatment in four patients had been considered, the 1-year local tumor control rate would have increased to 87%. A distant recurrence was observed in six patients (11.5%) in the surgery group and in 11 patients (19.6%) in the radiosurgery group. The 1-year freedom from distant recurrence was significantly worse in the radiosurgery group than in the surgery group (68% compared with 90%, p = 0.0025). Six of the 11 patients in the radiosurgery group who had a distant recurrence underwent new radiosurgical treatment, which resulted in tumor control in all cases. In the other five patients an additional radiosurgical treatment was not performed because of progressive systemic disease. No patients in the surgery group were treated with subsequent surgical resection because of their poor clinical condition. The rate of freedom from distant tumor progression after 1 year was 90% in the surgery group and 75% in the radiosurgery group (Fig. 3) . The difference was not statistically significant (p = 0.21).
The neurological death rates were similar in both groups, that is, 37% in the surgery group and 39% in the radiosurgery group (p = 0.8) after 1 year (Fig. 4 upper) . There was a trend toward a lower systemic death rate in the surgery group, that is, the 1-year systemic death rates were 37% after surgery and 51% after radiosurgery (Fig.  4 lower) . The difference was not statistically significant (p = 0.3). 
Postoperative Course
Forty-six patients in the surgery group and 51 in the radiosurgery group demonstrated a stabilized or improved KPS score 6 weeks posttreatment. Six patients deteriorated after surgery plus WBRT, and five deteriorated after radiosurgery. The difference was not statistically significant (p Ͼ 0.1). Steroid medications were given less frequently, in 21 patients compared with 56 patients, and for a shorter time interval (median 2 weeks compared with 8 weeks) in the radiosurgery group compared with the surgery group (p Ͻ 0.01).
Complications After Surgery and Radiosurgery
Perioperative transient morbidity and mortality rates were similar in both groups, that is, 7.6% and 1.9% after surgery and 8.9% and 1.8% after radiosurgery, respectively (p Ͻ 0.1). One patient died of meningitis after surgery, and one died 2 weeks after radiosurgery for unknown reasons. Transient morbidity after surgery included postoperative hydrocephalus, acute psychosis, and postoperative pneumonia in one patient each. Two patients in the radiosurgery group suffered from seizures and one from nausea for 5 days posttreatment. Two patients presented with headache caused by intratumoral hemorrhage 1 day and 8 weeks, respectively, after radiosurgery. Even though we could not determine whether the hemorrhages occurred spontaneously or were treatment related, they were included in the morbidity statistics. Four patients (7.1%) had transient radiogenic complications, mostly within the first 6 months after radiosurgery, with minor clinical symptoms that were treated using steroids. No patient underwent decompressive surgery because of space-occupying radionecrotic lesions. There was complete recovery from the specific complications in each treatment group. Patients who underwent radiosurgical retreatment were not at a higher risk to develop radiogenic complications. Data on the transient minor side effects of radiation therapy, such as nausea, hair loss, and dermatitis were not available for this study.
Discussion
It has been suggested that improved treatment of the extracerebral disease resulting in longer survival times has led to a higher incidence of brain metastases. Treatment with WBRT alone yields a median survival time in the range of 6 months and is still considered the treatment of choice in patients with multiple metastases and/or those in poor clinical grades. 29 Microsurgical tumor resection plus WBRT, which is more effective than WBRT alone, is the standard treatment in patients with single metastases accessible with open surgery. 18, 19, 22, 24, 26, 27, 30, 34, 36 Compared with surgery, radiosurgical treatment has recently gained important therapeutic relevance in selected patients with a solitary, circumscribed, small metastasis in any area of the brain. 20, 21, 28 Radiosurgical treatment seems attractive because of its low risk and minimal invasiveness. Local tumor control rates and length of patient survival, as reported in numerous retrospective single treatment-arm studies, seem to be as good as those for tumor resection plus WBRT. [1] [2] [3] 5, 9, 11, 17, 21, 23 Even though in many studies radiosurgery is now considered to be the treatment of choice for small metastases, in one more recent report radiosurgery has been found to be less effective than surgery plus WBRT by using a matched-pair analysis. 4 Thus, uncertainties continue to exist as to the therapeutic role of surgery and radiosurgery. No prospective randomized data are available. No investigator has analyzed treatment results after surgery in patients considered to have been eligible for radiosurgical treatment. Our two-institution study was conducted to analyze retrospectively the efficacy of surgery plus WBRT compared with radiosurgery alone in a highly selected patient population; only patients eligible for radiosurgical treatment were included.
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Treatment Efficacy
A high percentage of local tumor control was achieved after both radiosurgery and surgery plus WBRT in the present study. Patients in the radiosurgery group had distant recurrences more often; these could be controlled effectively with additional radiosurgical treatment if necessary. Accordingly, rates of freedom from neurological death were nearly identical in both groups. A longer overall survival time after standard treatment was explained by a trend toward higher systemic death rates for patients in the radiosurgery group, who were more likely to suffer from extracerebral disseminated disease. The current study demonstrates for the first time that a local treatment protocol such as radiosurgery alone is as effective as surgery plus WBRT in selected patients with small, circumscribed, solitary metastases. Moreover, the postoperative clinical course was uneventful in the majority of cases. The incidence of clinical improvement or stabilization at 6 weeks posttreatment was similar in both groups. There has been speculation that patients who undergo radiosurgery may have to receive high doses of steroid medications for longer intervals. 19 This was not supported by our data; steroid drugs were given significantly less frequently and for a shorter time interval in the radiosurgery group.
FIG. 4. Graphs showing comparisons of neurological (upper) and systemic survival (lower).
There was no statistical difference in deaths from neurological causes in the surgery (dashed line) and radiosurgery groups (solid line). More patients in the radiosurgery group suffered a death from systemic causes than in the surgery group after 1 year (51% compared with 37%). The difference was not statistically significant.
A decrease in peritumoral edema after radiosurgery has already been described and was confirmed by the present data. 33 Histological examination and verification of the metastatic nature of the lesion was performed only in patients in the radiosurgery group who harbored an unknown primary tumor. This approach may be criticized; 11% of patients with systemic cancer were found to have nonmetastatic lesions in the study published by Patchell, et al., 27 even though findings on CT and MR studies were consistent with a single metastasis.
The results of our study could not be compared with available data in the literature comparing the results of surgery with those of radiosurgery. No author has yet analyzed treatment results postsurgery in patients eligible for radiosurgery. Radiosurgical treatment without adjuvant WBRT has not yet been stringently performed. A high degree of heterogeneity of available data hampers a proper analysis of many reports (Table 2) . In other studies, WBRT was given inconsistently, either before or after radiosurgery. Radiosurgery was used as primary treatment and also for tumor recurrences. Because of the vaguely defined selection criteria in most studies, it remains unclear which type of tumor was treated by which kind of therapy. For example, in their multiinstitutional study, Flickinger, et al., 11 lumped together treatment results after radiosurgery alone (14 patients), radiosurgery plus WBRT (65 patients), and radiosurgery for disease recurrences after previously performed radiotherapy/surgery (45 patients). In the study published by Bindal, et al., 4 16 of 22 patients in the radiosurgery group who received WBRT did so before the radiosurgery was actually administered, and only nine patients were treated with radiosurgery alone. It is important to note that applied doses of fractionated radiotherapy administered after or before radiosurgery vary among numerous studies, which leads to over-or underestimation of the efficacy of WBRT as compared with radiosurgery. [1] [2] [3] 10, 12 Considering the heterogeneity of available datasets, it is not surprising that there is no consensus as to the therapeutic role of surgery and radiosurgery. Our study has overcome many of these shortcomings. The stated imbalance regarding tumor size in favor of the radiosurgery group indicates a limitation in the retrospective study design. However, in the absence of prospective, randomized data, our study may provide a standard against which other treatment results for similar metastases can be measured in future trials. Microsurgery remains an extremely important treatment modality in the era of radiosurgery. Only 52 of 228 patients in the surgery group were considered eligible for radiosurgical treatment in our series.
Prognostic Factors
In agreement with many studies, a KPS score of 70 or higher was associated with longer survival. 8, 13 Age, histological findings, status of the primary tumor, and time to metastasis did not reach prognostic importance. Whether this lack of prognostic impact is related to the applied selection criteria or the small sample size (small number of events) remains unclear. In our study the median survival was slightly longer after surgery plus WBRT in patients eligible for radiosurgery, as compared with recent prospective randomized studies; 27, 36 however, the tumor control rates were completely in line with those reported by Patchell, et al. 27 Apparently, eligibility for radiosurgical treatment does not significantly improve results after microsurgery. In contrast with radiosurgery, the prognostic influence of tumor size and tumor delineation appears to be minor with regard to the efficacy of surgery plus WBRT.
Therapeutic Role of Adjuvant Radiotherapy
Whole-brain radiation therapy after surgery is highly effective. It destroys residual cancer cells at the resection site and microscopic metastatic foci at other sites, as has been demonstrated in the recently published prospective randomized study of Patchell, et al. 26 In contrast, the efficacy of additional WBRT after radiosurgery remains unclear. It has been assumed that improvement of local tumor control would be the most compelling reason for combining WBRT and radiosurgery. 11 Flickinger, et al., 11 found a higher local control rate but no improvement in the median survival time when WBRT was administered after radiosurgery. Fuller, et al., 12 documented their best results after combined therapy, with a local tumor control rate of 80% for a small number of individuals (10 patients). Kihlström, et al., 17 concluded that using the gamma knife conferred no survival advantage after combined therapy. The series published by Moriarty, et al., 23 confirms the failure of WBRT to make an impact on survival rates in patients treated radiosurgically. Unfortunately, no study as yet has defined criteria for a treatment decision in favor of either radiosurgery plus WBRT or radiosurgery alone. Therefore, a selection bias must be assumed in all of these retrospective studies, which hampers proper evaluation of the therapeutic role of adjuvant WBRT. Local tumor control rates after radiosurgery alone in our study ranked with the best results reported in the literature after radiosurgery plus WBRT. Auchter, et al., 3 analyzed treatment results after radiosurgery plus WBRT in a relatively homogeneous patient population eligible for surgery and reported a 1-year survival rate of 53% and a 1-year local tumor control rate of 86%, which were nearly identical with the results reported in the present study for radiosurgery alone. Moreover, radiosurgical retreatment of small local recurrences appears feasible; it was performed in four patients in our study and increased the final 1-year local tumor control rate to 87% in the radiosurgery group (median diameter of the retreated tumor, 10 mm). The excellent local tumor control rate presented in our study raises serious doubts about the concept of combining WBRT with radiosurgery for improvement in local tumor control.
Considering the data recently published in the prospective randomized study of Patchell, et al., 26 it was not surprising that patients in the radiosurgery group experienced distant recurrences significantly more often than patients treated with surgery plus WBRT. In the current study, however, tumor control could be effectively achieved for distant recurrences with additional radiosurgical treatment, resulting in nearly identical death rates from cerebral tumors after radiosurgery or surgery plus WBRT. Follow-up MR imaging examinations performed at welldefined time intervals after radiosurgery proved to be a mainstay for local treatment with radiosurgery alone, allowing the identification of local or distant recurrences as early as possible. Thus, the possibility of distant recurrences appears not to be a compelling reason for adjuvant WBRT.
Risk of Complications
The risk of complications from microsurgery and radiosurgery was low. Within the first 6 months after radiosurgery, four patients developed transient radiogenic complications with mild clinical symptoms that could be controlled with steroid medications in every case. Patients who received radiosurgical retreatment were not at higher risk for a radiogenic complication. This result must be interpreted with caution because of the small number of retreated patients in this series. Most important, severe, progressive radiogenic complications were not observed. No patient underwent decompressive surgery because of a space-occupying radionecrotic lesion. Transient side effects after WBRT, such as nausea, hair loss, and dermatitis could not be analyzed systematically in the current study. Radiation-induced dementia was not observed. The side effects of WBRT, however, should not be underestimated, particularly for long-term survivors. For example, DeAngelis, et al., 7 found radiation-induced dementias in 11% of their patients treated with WBRT.
Conclusions
Radiosurgery alone can be used to achieve local tumor control rates as good as surgery plus WBRT and radiosurgery plus WBRT for highly selected patients harboring single, circumscribed brain metastases with a diameter of 3.5 cm or less. Distant and local tumor recurrences can be recognized early on MR imaging and treated effectively with repeated radiosurgery. Radiosurgery is attractive because of its minimal invasiveness and the possibility of withholding adjuvant radiotherapy. Microsurgery plus radiotherapy should be saved for larger tumor volumes not suitable for radiosurgical treatment. Results of retrospective studies should be regarded cautiously and must be confirmed in the framework of a prospective randomized study.
